Silicon nanowires have received increasing attention as potential building blocks for nanoscale devices. We report the growth and analysis of silicon nanowires consisting of a crystalline silicon core and a thick oxide shell, which were grown by evaporation of silicon monoxide ͑SiO͒ in an inert gas atmosphere using a gold-coated silicon wafer as a substrate. This method combines SiO evaporation with the vapor-liquid-solid ͑VLS͒ nanowire growth mechanism. The resulting nanowires were analyzed using scanning electron microscopy, transmission electron microscopy ͑TEM͒, and energy-dispersive X-ray spectroscopy ͑EDXS͒. The thick oxide shell was determined to be the product of the SiO evaporation and subsequent phase separation into Si and SiO 2 . The EDXS measurements confirmed the silicon core/oxide shell structure of the nanowires and the existence of a gold dot on the nanowire tip as required by the VLS mechanism. An explanation is proposed for growth of the nanowires by combination of the VLS mechanism and SiO disproportionation. High-resolution TEM micrographs show the crystalline structure of the nanowire silicon core. Some of the nanowires were found to show an oscillation in diameter.
During recent years, semiconductor nanowires have received increasing attention as potential building blocks for nanoscale electronic and optical devices. For the manufacturing of these nanowires, a variety of methods has been employed. These methods include chemical vapor deposition ͑CVD͒, e.g., using silane or silicon tetrachloride͒, [1] [2] [3] pulsed laser deposition ͑PLD͒, 4 chemical beam epitaxy ͑CBE͒, 5 metallorganic vapor phase epitaxy ͑MOVPE͒, 6 and thermal evaporation methods. 7 Frequently, they require complicated experimental setups or do not permit the desired degree of growth control with respect to the position and size of the wires. In this paper we present the analysis of silicon nanowires grown by combining the evaporation of silicon monoxide ͑SiO͒ with the vaporliquid-solid ͑VLS͒ growth mechanism. 3 This combination may have the possibility of a high level of growth control while being relatively easy to realize. The growth of silicon nanowires based on this combination was reported by Peng et al. 8 and very recently by Zhang et al. 9 Evaporation of silicon monoxide has been used before in the preparation of silicon nanoparticles 10, 11 and nanowires. 7, 9 At elevated temperatures the SiO vapor is stable, but the metastable solid SiO undergoes a disproportionation and subsequent phase separation, yielding silicon and silicon dioxide according to the following reaction 2SiO → Si ϩ SiO 2 thereby providing the silicon required for growth of the nanowires following the VLS mechanism. 3 The VLS mechanism also requires the existence of a ͑catalyst͒ metal particle ͑Au in our experiments͒ on the surface of the substrate on which the nanowires are grown, with the metal particle serving as a defined starting point for the growth of the nanowires. Small gold islands can easily be obtained on an oxide-free silicon wafer by evaporating or sputtering a thin layer of gold and heating the sample. Heating of the gold-coated silicon wafer leads to the formation of a Au-Si alloy, which becomes supersaturated with silicon due to the constant supply of silicon from the disproportionation of SiO. Silicon nanowires then grow from the supersaturated Au-Si alloy dots.
Experimental
Two slightly different methods for the preparation of the substrates were used without any noticeable difference in the results. Some samples were grown on pieces of n-doped Si͑111͒ wafers with a resisitivity of 8 -20 ⍀ cm. Whole wafers were first cleaned using a standard RCA process. In a sputter coater ͑Denton Vacuum͒ a plasma etching step was used to remove the surface oxide before a thin film of gold ͑approximately 8 nm͒ was sputtered on the wafer. Some samples were grown on pieces of p-doped Si͑111͒ wafers with a resistivity of 10-20 ⍀ cm. After removing the surface oxide with buffered HF solution ͑12.5%͒, the wafer was transferred into a vacuum chamber, where an about 5-7 nm thick layer of gold was thermally evaporated onto the wafer. A piece of the gold-coated wafer was then put on a quartz boat and introduced into a quartz tube inside a three-zone tube furnace ͑Fig. 1͒. A few grains of SiO granulate ͑99.99%, Chempur, Germany͒ were similarly put on a quartz boat located in the middle zone of the tube furnace.
The quartz tube inside the furnace was evacuated using a turbomolecular pump to a pressure below 1 ϫ 10 Ϫ5 mbar, and then a constant flow of 50 sccm nitrogen as an inert transport gas was introduced through mass flow controllers and pumped through the system using an oil-free vacuum pump. The nitrogen pressure inside the system was kept constant at 25 mbar with an electronically controlled valve located between the quartz tube and the membrane pump. The SiO and the gold/silicon substrate were then heated from room temperature to about 1125 and 950°C, respectively, at a rate of about 10 K/min, although above ca. 900°C the heating rate fell considerably to Ͻ5 K/min because of technical restrictions of the tube furnace. After keeping the desired temperatures for 15 min, the furnace was allowed to cool at a rate of 10 K/min.
Scanning electron microscopy ͑SEM͒ micrographs of the samples after the growth procedure were taken using a JEOL JSM-6300F scanning electron microscope with an acceleration voltage of 5 kV. Transmission electron microscopy ͑TEM͒ samples were prepared by removing the nanowires mechanically and ultrasonically in propanol, then putting a few drops of the suspension on a carbon film TEM grid. TEM micrographs were taken with a JEOL JEM-1010 operating at 100 kV and a JEOL JEM-4010 operating at 400 kV. Energy-dispersive X-ray spectroscopy ͑EDXS͒ with a resolution of about 3 nm was done with a 200 kV Philips CM-20 system equipped with a field emission gun ͑FEG͒ and an IDFix EDXS system by SAMx ͑France͒. For the EDXS measurements the scanning TEM mode of the microscope was used. High-resolution TEM micrographs were obtained with the JEOL JEM-4010.
Results and Discussion
After the nanowire growth process the gold-coated samples show a gray-light brown-yellow color. Uncoated silicon wafer pieces do not show any growth of nanowires. This might be due to the relatively short duration of the experiments, which was not long enough to grow nanowires without a metal catalyst according to the oxideassisted growth method. It can be concluded that the gold islands can define the preferred growth sites for the silicon nanowires and a control of the nanowire position can be possible.
SEM micrographs confirm a large yield of extremely long silicon nanowires ͑tens of micrometers͒, as can be seen in Fig. 2 . The resulting nanowires have been examined in detail using TEM. Figure  3 shows that the nanowires consist of a crystalline silicon core covered by a thick amorphous oxide shell. The oxide shell is much thicker than what would be expected for a so-called native oxide layer ͑approximately 2 nm͒ caused by oxidation of the silicon in ambient air, e.g., for silicon nanowires grown using silane or dichlorosilane CVD. The structure of the nanowire consisting of a silicon core and an oxide shell was confirmed by EDXS measurements. An EDXS line scan across a nanowire ͑Fig. 4͒ yields a higher oxygen amount for the shell regions compared to the core region, as well as a higher silicon amount for the core region ͑where some oxygen is detected due to the oxide shell directly above and below the silicon core͒.
EDXS measurements have also been used to confirm the existence of a gold dot on the nanowire tip. A line scan along the nanowire tip ͑Fig. 5͒ shows first an increase in the gold signal and then the beginning of the actual nanowire with a decrease in the gold signal and an increase in the silicon ͑and oxygen͒ signal. This result suggests that the nanowires indeed grow via the VLS mechanism.
To confirm the growth of the nanowires from silicon monoxide evaporation and to explain the thick oxide shell, the diameters of the nanowires d nanowire and the crystalline core d core ͑Fig. 6͒ were measured from TEM micrographs. Figure 7 shows a linear dependence between these two diameters. For this diagram, only nanowires with a clearly visible crystalline core were considered. Therefore, Fig. 7 does not necessarily give an exact representation of the nanowire diameter distribution. Fitting a linear function to the data yields a ratio of
This result indicates that the crystalline silicon core and the silicon oxide shell grow through the same process, namely, the disproportionation of silicon monoxide which yields the same number of moles for both silicon and silicon dioxide. Therefore, the silicon and the silicon dioxide are expected to appear in the nanowires at a constant ratio. Even if a certain percentage of the oxygen would be lost into the gas phase, there would still be a constant ratio, although of a different value. With this value the ratio of the volumes of the silicon core V core and oxide shell V shell can be calculated
which is also constant. If we suppose that the shell consists of amorphous SiO 2 , c it is also possible to estimate the density SiO 14 However, the result corresponds well to the density of 1.97 g/cm 3 for ''fibrous SiO 2 ,'' a modification resulting from SiO oxidation, although this modification is expected to react with the humidity in ambient air to form other silicon compounds. 15 Altogether, it can be concluded from these results that the nanowires indeed grow according to the SiO disproportionation process.
To explain the growth of the silicon nanowires from a combination of SiO disproportionation and the VLS mechanism we suggest the following growth mechanism ͑Fig. 8͒. Inert gas evaporation of silicon monoxide produces nanosized SiO clusters, 10 which stick to the gold/silicon alloy dots on the substrate surface. The temperature of the substrate is high enough to allow the phase separation process c Preliminary results from electron energy-loss spectrometry ͑EELS͒ and electron energy-loss near-edge structure ͑ELNES͒ seem to support the fact that the shell indeed consists of a low-density SiO 2 modification. into silicon and silicon oxide to take place. In a continous process, the silicon is absorbed into the alloy dot, whereas the oxide stays at the surface of the dot. The silicon core of the nanowire then grows from the alloy dot according to the VLS mechanism, whereas the silicon oxide does not cover the surface of the gold dot completely but is deposited as a shell around the silicon core. High-resolution TEM ͑HRTEM͒ micrographs were taken to confirm the crystalline nature of the silicon core and to determine the growth direction. Figure 9 shows the HRTEM micrograph of a nanowire with a silicon core thickness of about 13 nm. The fast Fourier transformation ͑FFT͒ of the crystalline core yields an electron-beam direction parallel to a silicon ͗111͘ direction and a growth direction of ͗110͘, although there are indications from our TEM investigations that other growth directions may also exist. This question of growth directions ͑see, e.g., Ref. 16͒ is currently under investigation. The ͗110͘ growth direction is different from the ͗111͘ growth direction generally reported for metal-catalytic VLS-grown silicon nanowires, although other growth directions than ͗111͘ have been found for nanowires grown by the oxide-assisted method, 8 including the ͗110͘ growth direction. 9 Some nanowires show an oscillation in diameter ͑Fig. 10͒, a phenomenon that has been explained by a self-oscillation process during the VLS growth of the nanowires. 17, 18 Silicon nanowires with similar oscillations have also been observed for nanowires grown with the oxide-assisted method.
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Conclusion
In summary, we report the successful growth of a large yield of crystalline silicon nanowires surrounded by an amorphous oxide shell using the evaporation and disproportionation of silicon monoxide combined with the VLS growth mechanism. Gold dots on a silicon substrate serve as starting points for the nanowire growth; it might therefore be possible in the future to obtain a positioncontrolled growth of the nanowires by intentionally arranging the gold dots on the substrate surface. To achieve this goal, the growth mechanism and the conditions for epitaxial growth with respect to the wafer substrate need to be investigated further. We found that some of the nanowires possess an oscillation in diameter. Growth of the nanowires from SiO evaporation and disproportionation was confirmed. The existence of a gold dot at the nanowire tip was confirmed by EDXS, which suggests growth of the nanowires through the VLS mechanism. HRTEM micrographs show a crystalline silicon core of the nanowires. We observed a ͗110͘ growth direction for several analyzed nanowires, but other growth directions also seem to exist. This also shows the need for further clarification of the SiO-VLS growth process. 
